This paper aims at analyzing the microbubble ultrasonic cavitation from the designed Bowl-shaped piezoelectric transducer in a micro channel. The cavitation conditions were derived and three methods of analysis were employed: (i) numerical analysis of piezoelectric parameters for the bubble cavitation using 2D piezo-acoustic coupling modelling. (ii) numerical analysis of microbubble dynamics and activities under ultrasound irradiation using 2D CFD simulation. (iii) experimental analysis of ultrasonic cavitation using designed micro-fluid chip by acoustic chemistry method. With the cavitation condition, the cavitation phenomenon of a lone micro bubble was analysed by the classic mathematical modelling, by which the piezoelectric transducer was optimized for ultrasonic cavitation in the micro channel. From the CFD results, the velocity of acoustic streaming increased to 58.6m/s, and the movement of the bubble wall was affected by the ultrasonic characters, which was in good agreement with the literature. The ultrasonic cavitation was proved to exist in the micro channel by the acoustic chemistry experiment.
Introduction
Cavitation [1, 2] is used to increase transiently the cell membrane permeability [3, 4] during exposure to ultrasound. The efficiency of the sonoporation is enhanced by the microbubble cavitation [5] [6] [7] , which is a potential method used for gene delivery and drug delivery. The microbubbles are useful for improving the efficiency of the vivo sonoporation [8] . And the mechanisms of sonoporation caused by microbubbles has been revealed [9] [10] [11] [12] , the cell perforation and repair have been studied [13, 14] . However, most of the previous researches were carried out either in macro volumes with conventional ultrasonic equipment or in micro experiment model; there have been few studies on a Micro-Electro-[Mechanical-System(MEMS) device promising lab-on-chip approach to ultrasonic plasmid or DNA delivery, and the numerical analysis with the bubbles cavitation in the micro channel of the lab-onchip device has not been elucidated. To elucidate the mechanisms and the effect of the device parameters on the ultrasonic cavitation in the micro channel, we studied a MEMS device. In the micro channel, the core element of the MEMS device is a MEMS ultrasound transducer, which is designed to be a Bowl-shaped ZnO thin film structure to obtain a strong focusing effect. To analytically proof the feasibility of ultrasonic cavitation in the micro channel, the necessary and sufficient condition of the ultrasonic cavitation was deduced by using Blake threshold pressure and the Keller-Miksis equation [15] . For the necessary and sufficient condition of ultrasonic cavitation, the optimized geometric and physical parameters of the ultrasonic transducer was determined by simulated analysis using multiphysics soft COMSOL 5.3.
In the numerical simulation of the ultrasonic cavitation, it is assumed that there is a fullcompressible gas dynamic in the bubble, the motion of the bubble wall was described by the Navier-Stokes equation and continuity equation in the micro-fluid channel. The boundary conditions near the moving bubble wall in the micro channel was set according to Rayleigh-Plesset equation and fluidstructure interaction in CFD simulation.
According to the optimized parameters and the analysis of the numerical simulation, the MEMS device was manufactured, on which the ultrasonic cavitation was proved to exist in the micro channel by acoustic chemistry experiment. Figure 1 shows the MEMS cavitation model, which utilizes ultrasonic cavitation to form reversible porosity in cell membrane for plasmid or DNA drug transfer. The core element of the system is a concave sphericity(Bowl-shaped) piezoelectric ultrasound transducer situated on bottom of the micro channel. The cross-sectional dimensions of the micro channel are 400um*400um.
Methodology

Experimental model
In the cavitation experiment, the given solution is delivered into the micro channel by a peristaltic pump, and is collected by a collector. The micro bubble in the solution grows and compresses following the ultrasound in the micro channel. And the cavitation comes out as the micro bubble stored enough energy when compressed small enough. 
Mechanistical modeling base
According to the van der Waals equation [16] , the pressure in or out the micro bubble is equal when the bubble is in equilibrium. Where, V P is the vapour pressure in the bubble, g P is the gas pressure in the bubble, h P is the fluid pressure near the bubble, and  is the coefficient of surface tension. The critical radius of the bubble in equilibrium is obtained by taking the derivative of the R in equation (1) . The critical pressure k P of the fluid near the bubble is given by bringing the critical radius into equation (1):
, k P is calculated through equation (1) and equation (2): (3), which means that the negative pressure acting on the bubble is necessary for generating the bubble with initial radius 0 R . Make
, the Blake threshold pressure B P is defined by equation (3):
In the study, the radial dynamics of the micro bubble was described by the Keller-Miksis equation. In this model, liquid compressibility and radiation dumping were considered through the time derivative of gas pressure [16] :
In this equation, 
The equation (6) is expended to the 0 1 R power when the radial of the micro bubble is R
)is the resonance frequency. The normal resonance frequency ( r f ) was given by Minneart according to equation 7[17]:
The cavitation is obvious when the ultrasonic frequency ( a f ) is equal to r f . The change in radial could be obtained by equation 7: Figure 2 shows the 2D geometric model of the axially symmetrical micro channel, in which the cross section of the channel is extended to 1000um*400um for numerical analysis of geometry parameters. The piezoelectric domain is made of the crystal ZnO, which is a common material in MEMS piezoelectric transducers. An AC electric potential of 100V is applied to the inside of the of the Bowl-shaped, while the outside is grounded. At the interface between the water and piezoelectric domain, the boundary condition for the acoustics interface is that the pressure is equal to the normal acceleration of the piezoelectric domain: 
Because there are no sources present, the wave equation in the water domain simplifies to:
Where c , n and n a denote the velocity of sound in water, the normal vector, and the normal acceleration of the piezoelectric transducer. The ultrasonic pressure in the water could be obtained by Eq. equation (10) and equation (11) , which changes in sine.
Micro-bubble dynamic.
Since the flow rate in the micro channels is very low, it is assumed that the intensity of the sound field is constant, and the liquid in the micro channels is a kind of incompressible continuous media under normal temperature.
In the microfluidic channel, the motion of the bubble wall could be solved by the continuity equation and Navier-Stokes equation with the above governing equations.
Continuity equation: 
In this equation, F is the interfacial momentum. In this model ( figure 2) , the interface pressure between the piezoelectric transducer and water is:
Where, h P is the fluid pressure(=1 atm), and the ultrasonic pressure(
) is obtained by equation (10) . A P and f refer to the ultrasonic amplitude and frequency. By taking the equation (14) into equation (13), the velocity of the bubble wall could acquire by equation (13) and equation (14) . (10) -(14) were numerically solved by COMSOL Multiphysics (Version 5.3). Figure. 2 shows the geometric model and All details of the boundary, which is symmetrical. The residuals for all predicted parameters were considered to be less than 10-3. Furthermore, 189 boundary elements and 2416 region elements with minimum element quality of 0.0412um were considered. The Acoustic-Piezoelectric Interaction(acpz) and the Fluid-Structure Interaction(FSI), which are based on the Finite Difference Method(FDM), were used to solve the governing equations and the boundary [18] . Nm ) were determinate, which was greater than actual value. B P was far below the gasification pressure of the liquid, which was conducive to the formation of bubble nuclei and could cause instantaneous cavitation. The bubble location h(=0.1mm) in figure 2 was set for numerical comparison. Figure 3 shows ultrasound pressure distribution on the axis of Bowl piezoelectric model and plate piezoelectric model. The ultrasonic pressure produced from Bowl is about 1.5 times bigger than the pressure from Plane with same conditions, which are both greater than B P in the micro channel when the ultrasonic frequency is equal to the resonance frequency of the bubble. According to the cavitation condition mentioned above, bigger ultrasonic pressure is necessary for cavitation, and the Bowl piezoelectric ultrasonic transducer is designed. In the numerical analysis of Acoustic-Piezoelectric Interaction(acpz) model, the width of micro channel in the axis is designed to 4mm without distortion for two ultrasonic periods. 
Geometry, boundary conditions and numerical solution of equations. Equation
Results and discussion
Geometry parameters of the acpz model
Micro bubble dynamics and activities under ultrasound irradiation
As acpz model mentioned above, the bubble (R=4um) was put to the sphere center of Bowl transducer in the FSI model. In order to better observe the bubble dynamics, the size of micro channel was reduced to 0.1 times without changing the ultrasonic and fluid characteristics around the bubble. Figure 5 shows the micro bubble dynamics and activities under ultrasound irradiation. It was observed that the bubble grew to the largest at 0.5T (T is ultrasonic period), and the invagination appeared near the side of piezoelectric transducer at 0.75T. The mesh of bubble wall collapsed at moment after 0.89T, and cavitation generated. The dynamics and activities of the micro bubble were consistent with the literature [19, 20] . According to equation (6) , the radial dynamics of the micro bubble is highly consistent with figure.5, which confirmed the formation of cavitation in the micro channel. Figure 6 shows the experiment system [21] . In the micro-fluid experiment, the MEMS system is constituted of ultrasound transducer and micro channel. The substrate of the ultrasound transducer is the concave polyimide, which is made by a precision steel ball using embossing method. The piezoelectric thin film on the substrate is made by ZnO magnetron sputtering, on which two layers of Al are respectively electrodeposited as the positive electrode and negative electrode of the transducer. And the micro channels are made through soft imprinting method using polydimethylsiloxane(PDMS). In the cavitation experiment, the hydroxyl terephthalic acid ions (HTA) has the characteristics of high fluorescence and stable chemical properties, by which the ultrasonic cavitation efficiency could be marked [22] . Figure 7 shows the relationship between fluorescence intensity of HTA (the solution is 8.0×10 -3 mol/L) and the ultrasonic cavitations efficiency, which is tested by repeated experiment with the MEMS system ( figure 6 ). Through a number of experiments, it is shown that the cavitation is generated in the liquid, and the ultrasonic cavitation is proportional to the fluorescence intensity. 
The MEMS system and experiment
Conclusion
In the present study, the geometric parameters of the Bowl-shaped piezoelectric transducer are optimized according to the derived cavitation conditions, micro bubble dynamics and activities under ultrasonic irradiation was analyzed by CFD simulation, and ultrasonic cavitation is proved to exist in the MEMS chip by a number of acoustic chemistry experiments.
The axial ultrasonic pressure is inversely proportional to thickness d, proportional to arc chord distance h and radius r of the Bowl-shaped piezoelectric ultrasonic transducer, and the amplitude of the ultrasonic pressure in the circle center of the transducer is about 6 times bigger than Blake threshold pressure with designed geometric parameters (h=0.1mm, r=0.6mm, d=0.01mm). The concave of the bubble wall appeared near the side of piezoelectric transducer, and the velocity of acoustic streaming increased to 58.6 m/s in the concave area according to the CFD simulation result. Dynamics and activities of the bubble were in great agreement with the literature [19, 20] . 
